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We have performed powder neutron diffraction on 7Li-enriched sample of LiMn2O4 at 300 K.
The crystal structure determined by Rietveld analysis is a cubic spinel with space group of
Fd3¯m in which all Mn atoms are crystallograghically equivalent, consistent with many preced-
ing studies. However, the atomic pair distrubution function (PDF) of this compound can not be
fitted by the cubic structure with space group of Fd3¯m satisfactorily, and it can be reproduced
by the orthorhombic structure with Fddd. It corresponds with the structure of charge ordered
phase below about 260 K, indicating a short range charge ordering. In the local structure de-
termined by PDF analysis, two types of MnO6 octahedra with long and short atomic distances
between Mn and O atoms exist and their Mn-O distances are almost consistent with the dis-
tances in the charge ordered phase. From these results, valence electrons are localized at Mn
sites like a glass even in the cubic phase, resulting in the non-metallic electrical conductivity.
KEYWORDS: PDF analysis, neutron diffraction, local structure, short range charge ordering
1. Introduction
Charge ordering observed in strongly correlated elec-
tron system is one of typical examples of self-organization
phenomena caused by many-body effect. It can be re-
garded as a crystallization of valence electrons. Because
the charge ordering is accompanied with a periodic lat-
tice distortion corresponding with the periodicity of the
arrangement of the localized electrons, it can be detected
as an appearance of a superlattice reflection in diffraction
data.1–3 However, in several materials which have the
same band-filling as those of the charge ordered mateirals
and exhibit metal-insulator transitions, the superlattice
reflection and/or the structural phase transtion can not
be observed in their insulating phases. It is considered
that in such materials, although the electrons are local-
ized by their Coulomb repulsion similar to charge ordered
state, the arrangement of the localized electrons does not
have a long range ordering, causing the lattice distor-
tion without long range periodicity. It can be regarded
as a glass state of valence electrons. In comparison with
the charge ordered state, detailed study on such glass-
like state of the charge has not been performed because
only the local probe measurements such as NMR and
Mo¨ssbauer spectroscopy can be applied.4, 5 In this paper,
we focus on LiMn2O4 as a candidate of such materials in
which the valence electron is freezed like a glass.
LiMn2O4 has been studied as a candidate of cathod
materials in secondary lithium ion batteries,6–10 and as a
frustrated magnetic materials.11, 12 This compound has a
cubic spinel structure with space group of Fd3¯m at room
temperature. Mn atom is surrounded by six O atoms
and they form MnO6 octahedron. All Li, Mn and O
atoms are crystallorgraghically equivalent, respectively.
With decreasing temperature, the compound exhibits a
structural phase transition at around 260K.13–18 The low
temperature phase has an orthorhombic structure with
space group of Fddd and ”3a×3a×a” super cell relative
to the cubic phase, where a is lattice parameter of the
cubic phase.13, 18 Five kinds of inequivalent Mn sites are
included in the unit cell. From the bond valence sum cal-
culation, valences of three Mn and two Mn sites are esti-
mated to be about +3 and +4, and then the orthorhom-
bic phase is in the charge ordered state.13 However, even
in the cubic phase, the temperature dependence of the
electrical resistivity is not metallic although the metal-
lic conductivity can be expected from the simple band
picture since the valence band which consists of 3d or-
bits is partically filled because of the averaged valence of
+3.5 of Mn ions.15, 19–21 These results suggest that the
valence electrons are localized at Mn sites like a glass
due to their Coulomb repulsion, and the arrangement of
Mn3+ and Mn4+ ions does not have a long range ordering
in the cubic phase.
The lattice distortion without a long range periodicity
(local lattice distortion) is an evidence of the glass-like
freezing of the valence electrons. In order to investigate
the local structure around Mn ion in the cubic phase,
extended x-ray-absorption fine-structure (EXAFS) mea-
surements have been performed.22, 23 However, the re-
sults of EXAFS measurements do not give a clear answer
on the existence of the local lattice distortion ; all Mn-O
distances of MnO6 octahedra have same bond length in
ref. 23 suggesting no local lattice distortion, whereas two
kinds of Mn-O distance are reported in ref. 22 suggest-
ing the local lattice distortion induced by the existence of
Mn3+ and Mn4+. The EXAFS measurement can probe
only short atomic distance, for example, first or second
nearest neighboring atomic distances. It can also probe
the local structure only around the selected atoms. Since
it is difficult to detect the local lattice distortion only
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from the Mn-O distances because of the small difference
between Mn3+-O and Mn4+-O distances (about 0.1 A˚),
the other atomic distances, for example, O-O distance
should also be observed. Then in order to investigate
the local lattice distortion in this compound, atomic pair
distribution function (PDF) which can detect all atomic
pair correlation should be used.
In this paper, we report the results of the PDF anal-
ysis on neutron powder diffraction data on LiMn2O4 at
room temperature where the average crystal structure
is the cubic with the space group of Fd3¯m. The ob-
tained atomic pair distribution function is fitted for the
orthorhombic structure with space group of Fddd much
better than the cubic structure, indicating the existence
of the local lattice distortion. The locally distorted struc-
ture has MnO6 octahedra with long and short Mn-O dis-
tances which almost correspond with the distances of
Mn3+-O and Mn4+-O, respectively, suggesting that the
valence electrons are localized at Mn sites with short
range periodicity like a glass.
2. Experiments
Powder sample of 7LiMn2O4 for present neutron mea-
surements was prepared by following method. Here,
we prepared 7Li-enriched sample in order to avoid
the neutron absorption by natural abundance of 6Li.
Starting materials are powders of 7LiOH·H2O and
(CH3COO)2Mn·H2O with stoichiometric composition
and they were mixed in 2-propanol. The mixture was
dried at 400 ℃ for 1 hour to decarbonate. After the cal-
cinations, the powder was ground and then heated at
850 ℃ for 10 hours. The sample of about 1.8 g was used
in neutron diffraction measurements.
The powder neutron diffraction data for the Rietveld
and PDF analyses were collected by using the neutron to-
tal scattering spectrometer NOVA installed in the Japan
Proton Accelerator Research Complex (J-PARC). The
powder sample of about 1.7 g was set in vanadium-nickle
alloy holder with a diameter of 0.6 cm. The data were
collected at room temperature for about 8 hours.
3. Results and Discussions
3.1 Analysis on averaged crystal structure by using Ri-
etveld analysis
Neutron powder diffraction pattern of 7LiMn2O4 ob-
tained at 90 ° bank of NOVA is shown in Fig. 1 by
crosses. In the plotted pattern, the contaminations of
background intensities from the sample cell and the spec-
trometer are subtracted and the neutron absorption ef-
fect is calibrated. Structural analysis on the neutron pow-
der diffraction pattern is performed by using the program
Z-Rietveld (ver.0.9.37.4).24, 25 The reported space group
of Fd3¯m is used. In the analysis, the occupation factors of
Li and O atoms are also refined. The obtained structural
parameters of LiMn2O4 are shown in Table I. The er-
rors of the parameters shown in the table are mathemat-
ical standard deviations obtained by the analysis. The
diffraction pattern calculated by using refined parame-
ters is shown in Fig. 1 by solid line. The calculated line
reproduces the observed pattern. All Mn-O bonds are
Fig. 1. (Color online) Observed (crosses) and calculated (solid
line) neutron powder diffraction pattern of 7LiMn2O4. Observed
pattern is collected by using NOVA at room temperature. Ver-
tical bars show the calculated position of Bragg reflections. The
solid line at the bottom of the figure is the difference between
observed and calculated intensities. Inset : foot of the main peak
with d ∼ 2.4 A˚ are extended.
Table I. Atomic positions of LiMn2O4 determined by Rietveld
analysis of neutron powder diffraction data at room temperature.
Space group of Fd3¯m (origin choice 2) is used in the analysis.
Obtained lattice parameter is a=8.24333(2) A˚. The R-factors,
Rwp, Rp, Re, RB, and RF are 9.16 %, 7.53 %, 0.62 %, 4.27 %,
11.56 %, respectively.
Atom Site Occ. x y z B (A˚)
2
)
Li 8a 0.984(1) 1/8 1/8 1/8 0.77(1)
Mn 16d 1 1/2 1/2 1/2 0.61(1)
O 32e 0.985(1) 0.2634(1) 0.2634 0.2634 0.99(1)
equivalent and the Mn-O distance is 1.957(1) A˚, which is
intermediate between what is expected for Mn3+-O and
Mn4+-O distances. The deficiencies of Li and O sites are
about 1.5 %. If the analyis is performed for the occupa-
tion factors of Li and O fixed at 1.0, the fitting does
not almost change. (For, example, Rwp becomes 9.23
%). Then the deficiencies of Li and O sites are almost
negligible. Here, we can also neglect the possibility that
excess Li atom occupies so-called B-site which is occu-
pied by Mn atom because the present sample exhibits a
structural phase transition from cubic to orthorhombic
phase between 270 K and 240 K26 whereas the samples of
Li1+xMn2−xO4 with 0 < x . 0.15 retain the cubic sym-
metry in the whole temperature region.12, 27 Although
the analysis on the structure model with space group of
Fddd has also been carried out, meaningful improvement
of fitting was not achieved. These results indicate that
the present sample is almost stoichiometric LiMn2O4 and
the averaged structure is the cubic with the space group
of Fd3¯m at room temperature, as reported preceding
studies.
In the inset figure, the foot of the main peak at d ∼
2.4 A˚ is extended. Broad shoulder structures are observed
at the foot of the main peak as shown by asterisks. The d
values of the broad shoulders at the larger and smaller d
sides almost correspond to the values of 2 10 0 and 10 2 0,
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and 4 8 2 and 8 4 2 reflections in the Fddd orthorhombic
structure, respectively. These diffuse scatterings suggest
the Fddd orthorhombic lattice distortion with a short
range correlation.
3.2 Analyses on local structure by using PDF analysis
Figures 2(a) and 2(b) show the structure function
S(Q) and the atomic pair distribution function G(r) of
7LiMn2O4 at room temperature. The data are obtained
from the neutron scattering intensity which is collected
at back-scattering bank. G(r) can be obtained by foll-
wing Fourier transformation.
G(r) =
2
pi
∫
Q[S(Q)− 1]sin(Qr)dQ. (1)
In the present analysis, S(Q) in the range of 1.21 ≤ Q ≤
50 A˚
−1
is transformed into G(r) by using the program
installed at NOVA.28 In Fig. 3(a), the fitting result by
Fig. 2. (a) The structure function S(Q) obtained from the neu-
tron diffraction data at room temperature. (b) The atomic pair
distribution function (PDF) G(r) obtained from S(Q).
using the cubic structure with the space group of Fd3¯m
which can reproduce the diffraction pattern in the previ-
ous subsection, is shown by solid line. In the analysis, oc-
cupation factors of all atoms are fixed at 1.0 because the
deficiencies of Li and O atoms are only about 1.5 %. The
structural refinements on obtained G(r) are performed
by using the program PDFFIT.29 The data in the region
of 1.4 ≤ r ≤ 10 A˚ are used for the fitting. The fitting
Fig. 3. (Color online) Atomic pair distribution function (PDF)
of 7LiMn2O4 obtained at room temperature (open circle). Solid
lines are the fittings for cubic (a) and orthorhombic (b) structures
with space groups of Fd3¯m and Fddd, respectively. Lines at lower
position show the differences between observed data and fitting
results. Weighted R-factors obtained by fitting the data in the
region of 1.4 ≤ r ≤ 10 A˚ are 15.4 % and 6.94 % for cubic and
orthorhombic structures, respcetively.
line roughly reproduces the observed data. However, the
shapes of the first negative peak at about 1.9 A˚ and pos-
itive peaks around 2.8 A˚ can not be reproduced by the
line. The first negative peak almost consists of Mn-O
atomic correlation in MnO6 octahedron. Although Li-
O correlation also contributes to the negative peak, the
intensity is about 1/8 of the intensity of Mn-O corre-
lation. The second positive peaks are superposition of
Mn-Mn correlation between neighboring MnO6 octahe-
dra and O-O correlations which correspond to the cor-
relation in the octahedron and the correlation between
apical O atoms of the neighboring octahedra. The in-
tensity of Mn-Mn correlation peak is about 1/4 of the
intensity of the O-O peaks. In the cubic phase, the neg-
ative peak should be sharp and symmetric because the
all Mn-O bonds are equivalent. However, the negative
peak has a shoulder structure at larger r side, indicating
the existence of the inequivalent Mn-O bonds. Although,
to fit the such asymmetric shape of the negative peak,
the calculated negative peak becomes broad by adopt-
ing the large thermal factors of BLi=1.12, BMn=0.947
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and BO=1.11 A˚
2
which are obtained by PDF analysis,
the observed peak shape can not be reproduced by cal-
culated G(r). The Mn-Mn and O-O correlation peaks
should be roughly symmetric three peak structure in the
cubic phase because Mn-Mn distance is 2.92 A˚ and O-O
distances are 2.63, 2.92 and 3.21 A˚ (the inensity ratio of
O-O peaks is about 1:2:1). Because the large thermal fac-
tors broaden the calculated positive peaks of the Mn-Mn
and O-O correlations, the calculated shape of the super-
position of these positive peaks seems to be broad single
peak around 2.9 A˚ and can not reproduce the observed
complicated structure. The weighted R factor, Rwp, ob-
tained by fitting the data in the region of 1.4 ≤ r ≤ 10 A˚
is 15.4 %, indicating that the fitting is not satisfactory.
Then we use the orthorhombic structure with space
group of Fddd corresponding with the crystal structure
in the charge ordered phase because the diffuse scattering
which may be due to the Fddd orthorhombic structure
with short range correlation is observed in the diffraction
pattern, as mention in the previous subsection. The fit-
ting result by using the orthorhombic structure is shown
in Fig. 3(b) by solid line. In this structure, five and
nine inequivalent Mn and O atoms are contained in the
unit cell, respectively. Because the atomic distances of
27 kinds of Mn-O bonds in MnO6 octahedra distribute
from about 1.82 to 2.23 A˚, shoulder structure of the first
negative peak can be reproduced. At the same time, the
calculated Mn-Mn and O-O correlation peaks can also
reproduce the complicated peak structure around 2.8 A˚.
As a result, the fitting is improved and the Rwp value
is 6.94 % much smaller than the Rwp obtained from
the cubic structure. In order to check the possibility of
other local lattice distortions, fittings by using structure
models with the maximal subgroups of Fd3¯m are per-
formed. Figures 4(a), 4(b) and 4(c) show the fitting re-
sults by using the structure models with space groups
of F43¯m, I41/amd and R3¯m, respectively. Here, space
groups F4132 and Fd3¯ are not used for the fitting be-
cause the atomic sites of Li, Mn and O atoms in these
space groups correspond with the sites in Fd3¯m. The
meaningful improvements of fitting are not achieved and
R-factors do not becomes smaller significantly for the
above three structural models despite the lower symme-
tries. The complicated shapes of the first negative and
second positive peaks are not reproduced in these models
although the structure models with F43¯m, I41/amd and
R3¯m contain two, two and three kinds of Mn-O bonds
and four, five and seven kinds of O-O bonds, respectively.
These results show that the cubic phase of LiMn2O4
has an orthorhombic local lattice distortion which cor-
responds with the structure in the charge ordered phase.
The broad diffuse scattering observed in the diffraction
pattern which is mentioned in the previous section, is
consistent with the orthorhombic local lattice distortion
detected by the present PDF analysis and indicates the
short range ordering of this local lattice distortion.
In Table II, the structural parameters of the locally
distorted structure of LiMn2O4 which are determined by
the PDF analysis using the orthorhombic structure are
shown. Here, the thermal factors of each atom are com-
Fig. 4. (Color online)Atomic pair distribution function (PDF) of
7LiMn2O4 obtained at room temperature (open circle). Solid
lines are the fittings for structures with space groups F43¯m (a),
I41/amd (b) and R3¯m (c), respcetively. Lines at lower position
show the differences between observed data and fitting results.
Weighted R-factors obtained by fitting the data in the region
of 1.4 ≤ r ≤ 10 A˚ are 14.2 %, 15.3 % and 15.2 % for F43¯m,
I41/amd and R3¯m, respcetively.
mon in order to reduce the refined parameters. In Table
III, the atomic distances between Mn and O atoms aver-
aged in MnO6 octahedra determined from the parame-
ters in Table II are shown. The errors of the parameters
shown in the tables are mathematical standard devia-
tions obtained by the analysis. For comparison, the Mn-O
distances in the orthorhombic phase determined by Ri-
etveld analysis13 are also shown in the right side of the
table. The Mn(1)-O, Mn(2)-O and Mn(3)-O distances
are about 2.00 A˚, whereas the Mn(4)-O and Mn(5)-O
distances are about 1.90 A˚. The former and latter val-
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Table II. Atomic positions of LiMn2O4 determined by PDF anal-
ysis on neutron powder diffraction data at room temperature.
Space group of Fddd (origin choice 2) is used in the ana-
lyis. Occupation factors of all atoms are fixed at 1.0. Ob-
tained lattice parameter is a=24.6388(3) A˚, a=24.7978(3) A˚, and
c=8.21781(8) A˚. The R-factor, Rwp, is 6.94 %.
Atom Site x y z B (A˚2)
Li(1) 8a 1/8 1/8 1/8 0.29(1)
Li(2) 16f 1/8 0.7898(2) 1/8 0.29
Li(3) 16e 0.7950(2) 1/8 1/8 0.29
Li(4) 32h 0.2965(1) 0.3016(1) 0.1162(1) 0.29
Mn(1) 16d 1/4 1/4 1/2 0.33(1)
Mn(2) 32h 0.0833(1) 0.0836(1) 0.5083(1) 0.33
Mn(3) 32h 0.0879(1) 0.3298(1) 0.2512(1) 0.33
Mn(4) 32h 0.2517(1) 0.1674(1) 0.2505(1) 0.33
Mn(5) 32h 0.1644(1) 0.2458(1) 0.2529(2) 0.33
O(1) 32h 0.1744(1) 0.1685(1) 0.2585(2) 0.56(1)
O(2) 32h 0.0782(1) 0.0049(1) 0.4818(1) 0.56
O(3) 32h 0.0785(1) 0.3312(1) 0.4756(1) 0.56
O(4) 32h 0.2526(1) 0.1721(1) 0.4719(1) 0.56
O(5) 32h 0.0035(1) 0.0082(1) 0.2487(2) 0.56
O(6) 32h 0.2530(1) 0.0897(1) 0.2370(1) 0.56
O(7) 32h 0.1627(1) 0.3238(1) 0.2370(2) 0.56
O(8) 32h 0.0908(1) 0.2467(1) 0.2279(1) 0.56
O(9) 32h 0.0843(1) 0.1610(1) 0.5150(1) 0.56
Table III. Averaged atomic distances between Mn and O atoms
in MnO6 octahedra and distortion parameters of MnO6 octa-
hedra, ∆ obtained from the structural parameters in Table II.
Distrotion parameter of MnO6 octahedron with averaged atomic
distance d is defined as ∆ = 1/6Σ6
n=1[(dn − d)/d]
2. Values of d
and ∆ determined by Rietveld analysis at 230 K13 are also shown
in the right side of the table.
PDF analysis at 300K Rietveld analysis at 230K13
d A˚ ∆ (×10−4) d A˚ ∆ (×10−4)
Mn(1)-O 1.986(2) 10.6 2.003(2) 20.6
Mn(2)-O 2.000(3) 20.7 1.995(4) 19.4
Mn(3)-O 2.013(2) 45.2 2.021(5) 36.6
Mn(4)-O 1.895(3) 5.9 1.903(4) 4.6
Mn(5)-O 1.920(3) 10.0 1.916(4) 6.1
ues are apparantly larger and smaller than the value of
Mn-O distance in the averaged structure, 1.957(1) A˚, re-
spectively. Moreover, these values are very similar to the
values obtained by Rietveld analysis on the charge or-
dered phase.13 From these results, the valences of Mn(1),
Mn(2) and Mn(3) ions are about +3 whereas the va-
lences of Mn(4) and Mn(5) ions are about +4. Even in
the cubic phase, valence electrons are localized at Mn
sites similar to the case of the charge ordered phase with
the orthorhombic structure.
Here, we emphasize that as mentioned in previous sub-
section, the averaged (periodic) structure at room tem-
perature is the cubic structure with single Mn site. Be-
cause the arrangement of valence electrons localized at
Mn sites has only short range correlation, the lattice
distortion caused by the localized electrons is not ob-
served in the averaged structure determined by conven-
tional structural analysis. It can be regarded as a glass
state of valence electrons whereas a charge ordered state
can be regareded as a crystal state of the electrons. In
the cases of amorphous alloys and metallic glasses, al-
though a unique atomic arrangement with a short range
ordering, for example, atomic distances and coordina-
tion numbers of the nearest neighbor atoms, is observed,
the atomic arrangement does not have a long range pe-
riodicity.30 Similar situation may be achieved in the ar-
rangement of the localized electrons in the cubic phase
of LiMn2O4. Although the local arrangement of the elec-
trons is unique and is consistent with the charge ordered
state, the arrangement does not have a long range peri-
odicity. The long range ordering of the arrangement of
the electrons seems to be constricted by the geometrical
frustration due to the atomic arrangement of Mn. In this
state, the non-metallic electrical conductivity is compat-
ible with the existence of only single Mn site with the
valence of +3.5 in the averaged structure. Such glass-
like state of valence electrons may be possible in other
compounds with mixed valence states and non-metallic
electrical conductivities.
In the orthorhombic phase, the distortion parameters,
∆, of the octahedra including Mn(1), Mn(2) and Mn(3)
whose valences are +3, are larger than the ∆ of the oc-
tahedra including Mn(4) and Mn(5) with the valences
of +4, as shown in the right side of Table III. Here, ∆
is defined as ∆ = 1/6Σ6
n=1[(dn − d)/d]
2.13 This result
indicates that the charge ordering transition at about
260 K is accompanied with an orbital ordering at Mn3+
sites due to Yahn-Teller effect. Distortion parameters of
MnO6 octahedra at room temperature obtained by the
present PDF analysis are also shown in Table III of the
left side. The relationship between the Mn valences and
distortion parameters seems to be qualitatively consis-
tent with the relationship in the chrage ordered phase;
the distortion parameters of MnO6 octahedra including
Mn3+ ions tend to be larger than those of MnO6 octa-
hedra including Mn4+. It suggest the possibility that the
short range orbital ordering of Mn3+ ion also exist in
the cubic phase of LiMn2O4. Such short range orbital
ordering is also observed in LaMnO3 at higher temper-
ature than the orbital ordering temperature.31 However,
as shown in the table, the distortion parameter of the
octahedron of Mn(1) whose valence is +3, almost corre-
sponds with the parameter of the octahedron of Mn(5)
with the valence of +4, indicating that the relationship
between the Mn valences and distortion parameters is
incomplete at room temperature. The possibility of the
short range orbital ordering of Mn3+ ion should be re-
vealed by, for example, the measurement just sbove the
structural transition temperature.
The structural phase transition from the cubic to or-
thorhombic structures at around 260 K accompanied
with the charge ordering and orbital ordering at Mn3+
sites is first order. In first order phase transtion, the short
range correlation of the low temperature phase is gener-
ally absent above the transition temperature. However,
as mentioned above, the short range cluster with the lo-
cal lattice distortion corresponding with the low temper-
ature phase is also observed in LaMnO3.
31 In LaMnO3,
the size of the cluster with the lattice distortion gradually
develops with decreasing temperature, and discontinu-
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osly vanishes accompanied with the first order transition.
In the present compound, the temperature dependence
of the correlation length (periodicity) near the structural
phase transition temperature should also be estimated by
PDF analysis to confirm the first order transition.
4. Summary
We have performed the neutron powder diffraction
measurement on 7LiMn2O4 at room temperature. Al-
though the averaged structure determined by the Ri-
etveld analysis is the cubic spinel, the local structure
determined by PDF analysis is the orthorhombic cor-
responding with the charge ordered phase. The Mn-O
distances of the locally distorted orthorhombic structure
are almost consistent with the distances of Mn3+-O and
Mn4+-O, indicating that the Mn3+ and Mn4+ sites are
arranged with short range periodicity. In the cubic phase
of LiMn2O4, the valence electrons are localized like a
glass at Mn sites, resulting in the non-metallic electrical
conductivity.
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